Inclusion selectivity has been examined for xylene isomers and benzene in the Hofmann-dma-type Cd[NH-(CH3)2]2Ni(CN)4 metal complex host. This has a layered structure of a two-dimensionally extended cyanometal complex network with the dimethylamine ligands protruding up and down from the network. The 0-isomer is preferentially enclathrated in the metal complex host from the mixtures of xylene isomers, but the presence of benzene in the mixture makes the p-isomer more preferable. Benzene is enriched from the mixtures with xylene isomers at very low concentrations. The selectivity behavior is discussed based on the crystal structures of the relevant clathrates.
Application of molecular inclusion phenomena is one of the most important strategies to develop novel separation technologies, as has been exemplified by many investigations using the inclusion compounds derived from crown ethers, cryptands, cyclodextrins, etc. However, the use of artificially-designed metal complex system has not yet been explored in the detail applied to the designed organic macrocyclic hosts. This paper reports an investigation of the inclusion selectivity for aromatic molecules, xylene isomers and benzene, exhibited by a layered metal complex host we have developed and named the Hofmann-dma-type."2 The investigation aimed at interpreting the inclusion selectivity in terms of the crystal structures of the mixed-guest clathrates formed from the organic mixtures. As for the separation of aromatic mixtures using the inclusion compounds of metal complex hosts, a number of works have been carried out for the socalled "Werner-type complex" and analogous hosts3-s, which are comprised of packed molecular complexes [Ni(NCS)2L4], where L is one of the substituted pyridine derivatives such as 4-methylpyridine or aarylalkylamine.
Use of the Hofmann-type and analogous ones whose crystal structures are known in detail have been rather few, except for the earliest attempt to purify benzene using Hofmann's benzene clathrate Ni(NH3)2Ni(CN)4.2C6H6. 6 The Hofmann-dma-type clathrate, Cd[NH(CH3)2]2-Ni(CN) 4 •G (G=aromatic guest molecule), is one of the series we have developed from the original Hofmanntype in order to extend inclusion abilities to a variety of aromatic guest molecules different in size and shape.
The crystal structures of the Hofmann-dma-type clathrates have already been determined for those of the o-, the m-, and the p-toluidine-7, and the benzeneguest8 clathrates. The host structures are different in the way the two-dimensional cyanometal complex network bends, depending on the geometry of the guest molecules, i.e., the absence or presence of, and/or the positions of, the substituents. As shown schematically in Fig. 1 , the three toluidine clathrates have two kinds of cavities for the guest molecules: one is cage-like, the other tunnel-like. The bending ways of the networks are classified into three types: (a) the 0-isomer-type (0-type), which is mirror-symmetric, as demonstrated in the structure of the o-toluidine clathrate; (b) the pisomer-type (P-type), which is point-symmetric, as in the structures of the m-and the p-toluidine clathrates; and (c) the benzene-type (B-type) as in the structure of the benzene clathrate. In the last structure, the tunnellike cavity collapses owing to the bending of the cyanometal complex network to envelop the guest benzene molecule with no bulky substituents in the cage-like cavity effectively: the collapse leads to the composition Cd(dma)2Ni(CN)4.0.5C6H6 (dma=NH-(CH3)2).
When crystals of a Hofmann-dma-type clathrate are grown by feeding a mixture of possible guests, the inclusion selectivity may depend on the stability or feasibility of the host structure to be formed. In this investigation we selected the xylene isomers in place of the toluidine ones because the selectivity for xylene isomers has been made a criterion of separation methods for mixtures of aromatic isomers. 5 .40 g of citric acid, and 24 cm3 of 50% dimethylamine aqueous solution were dissolved successively under stirring; the aqueous phase was filtered through a plastic membrane (Millipore, bore size 0.45 µm). The organic phase of the aromatic species containing excessive amounts of the relevant possible guests was placed over the aqueous phase, and kept standing for a few days at 5°C to obtain crystalline products grown at the interface between the aqueous and the organic phases and/ or the bottom of the aqueous phase. Using the respective neat species the clathrates of benzene, o-xylene, and p-xylene were obtained, but m-xylene itself never did give any clathrates under similar conditions: accommodation of m-xylene was only possible when it was mixed with other species which could be enclathrated.
The products were identified by infrared spectroscopy and powder X-ray diffractometry. According to the characteristic feature observed in the powder X-ray diffraction patterns, the crystalline product was identified as that of 0-type, P-type, B-type, or a mixture of them.
The patterns were recorded on a JEOL DX-GO-F DX-CR-E powder diffractometer using Ni-filtered Cu Ka radiation.
The aromatic species used for preparing the mixtures were benzene, o-xylene, m-xylene, and p-xylene of reagent grade (Wako Chemicals); their purities have been checked on our bench-top gas chromatograph. The ratio of mixing was controlled by volume, the mole fraction being calculated from the density and the volume of each aromatic species.
Gas chromatography
A Shimadzu GC-8APF gas chromatograph was used to determine the aromatic species in the clathrates. The conditions applied were: dual FID detectors; Bentone 34(5%)+DIDP(5%) liquid phase; 80 to 100 mesh Uniport B solid phase; a glass column of 3 mm inner diameter and 4 m length; column temperature at 95°C; Nz carrier gas at 40 cm3 / min; 0.2X109 m3 sample size.
Calibration curves were prepared for the mixtures of each combination of the aromatic species diluted with carbon tetrachloride; toluene was used as the internal standard by keeping its mole fraction constant.
The prepared clathrates were filtered out on a sintered glass, washed with small amounts of ethanol and then of acetone, and dried under ambient conditions. The solid clathrate was immersed and finely powdered in carbon tetrachloride on an agate mortar. The carbon tetrachloride solution containing the extracted aromatic species was filtered through the plastic membrane and subjected to the gas chromatographic measurement. Although there is no guarantee of the complete recovery of the guest species from the clathrates, the determined values were read as the mole fractions of the guests enclathrated assuming that the ratio had been kept unchanged. Reproducibilities of the results were within 0.5% in a batch but ca. 1% for a set of several batches of the mixed-guest clathrates prepared under similar experimental conditions.
Results and Discussion
Binary mixtures First, we refer to o-, m-, and p-xylene and benzene as 0, M, P, and B. The graphs of the guest compositions in the feed mixture and in the clathrate are shown for the binary mixtures 0 and M (0-M), P and M (P-M), and 0 and P (0-P) in Fig. 2(a)-(c) , respectively.
As shown in Figs. 2(a) and (b), 0 and P are always concentrated from the 0-M and the P-M feed mixtures into the clathrate phase. No clathrates were formed from the feed mixtures of high mole fraction of M, nM, but M was accompanied with 0 and P from the mixtures with nM<0.75. The mixed guest clathrates from the 0-M and the P-M mixtures showed the Xray diffraction patterns assigned to 0-type and P-type, respectively. The enrichment factor Qo or QP, the ratio of the mole fraction of the o-or the p-isomer in the clathrate, No or Np to that in the feed mixture no or nP, and the separation quotient Qo/ QM or Qp/ QM decrease monotonously due to the decrease in nM in the feed mixtures, as listed in Table 1 . Since the values of the factors are larger for the 0-M system than for the P-M system, 0 is most preferable to be accommodated into the Hofmann-dma-type host. However, so far the crystal structures of the toluidine isomers have been concerned, the structure of the m-isomer clathrate is almost isomorphous to that of the p-isomer clathrate. Therefore, the P-type host is not expected to be extremely selective for P for the P-M mixtures. The preference of 0 over P was confirmed from the results of the 0-P system, as shown in Fig. 2(c) and Table 1 ; the o-isomer was always enriched into the clathrate. However, the extent of the enrichment was relatively not so large in the product from the ca. 1:1 0-P feed mixture, as the dent in the plot of Fig. 2(c) shows. The powder X-ray diffraction patterns were assigned to P-type for the products obtained from the feed mixtures of np?0.49; the products obtained from those of nP<0.49 gave patterns which overlapped with that assigned to 0-type. These observations suggest the following conclusions: (i) the o-isomer is enclathrated into P-type host structure even when No is larger than 0.5, (ii) the formation of 0-type structure starts from the feed mixture of no>_0.6, and (iii) the 1:1 0-P mixture behaves differently from those in other mixing ratios. These ideas should be interpreted in terms of crystal structure, as is discussed later. Quarternary system The 1:1:1 0-P-M mixture was successively diluted with B and used as the feed mixtures. The results, as shown in Fig. 3 and Table 2 , were rather curious. The presence of B in the feed mixture altered the selectivity behavior for the xylene isomers drastically: the preference was inverted from 0 to P even for the mixture with the very low nB value of 0.005. The tendency was amplified with the increase of nB value. The selectivity for 0 declined to an extent comparable with that for M after nB was over 0.4; that for P increased relatively as shown in Table 2 . The powder X-ray diffraction patterns were assigned to P-type for all the products. The mixed-guest clathrate was no longer obtained from the feed mixtures of nB>0.8, but only the benzene clathrate was formed.
The presence of B in the 0-M-P-B feed mixture is critical to govern not only the selectivity behavior of the host for the xylene isomers but also that for B. As Table 2 shows, the enrichment factor for B is quite large at low nB values such as less than 0.1, but it takes the values less than 1 for the mixtures of nB>0.4. This observation suggests that the clathrate serves as a medium to concentrate benzene in rather low concentrations from benzene-xylene isomers mixtures.
Selectivity and host structure
The assumption that the structures of the o-xylene and the p-xylene clathrates are respectively isomorphous to the corresponding toluidine isomer clathrates has been verified from the respective similarities in the powder X-ray diffraction patterns. Two problems should be solved about the relationship between the selectivity for the aromatic molecules and the host structure.
One is the preference in selectivity for 0 from the binary and ternary xylene mixtures, even though the clathrates formed are apt to take P-type structure.
Another is the preference in selectivity for B and P in the clathrates of P-type structure formed from the B-O-M-P mixtures. For the former case a kinetic contribution can be taken into account, although the underlying speculation here is that P-type structure is more feasible to grow than 0-type one. As illustrated in Fig. 1 , the way of bending in the cyanometal complex network should be affected by the shape of the guest accommodated in the cage-like cavity.
The mixed-guest clathrates formed from the feed mixtures of nP>no should take P-type structure, if the p-isomer is accommodated into the cage-like cavity first. The reason why those formed from the mixtures of np<no still take P-type structure can be interpreted in terms of kinetic preference of P over 0 in the accommodation into the cage-like cavity. The dent in Fig. 2(c) suggests to us that an almost stoichiometric 1:10-P mixed-guest clathrate is feasible to be grown with P-type host structure from a 1:1 0-P feed mixture.
However, the kinetic effect assumed should be effective only at the initial stages of crystal growth. If not, the overall occupancy of P should have exceeded that of 0, and formation of 0-type structure should have been negligible in the products; the products from the no>np 0-P feed mixtures are mixtures of the both types. Unfortunately it was rather difficult to determine the ratio of P-and 0-type in the products from the powder X-ray diffraction patterns because of the instrumental limitations.
Another noticeable observation is the preference in accommodation of P over 0 and M in the presence of B; the enrichment factor for P becomes larger due to increasing nB. B plays a role of a helping guest to concentrate P from the mixtures. In other words, the more selective enclathration of P is possible by adding a greater amount of B into the mixtures of xylene isomers, unless nB exceeds 0.8. P-type host appears to lose the selectivity between 0 and M with increasing nB, as the value of No becomes comparable with those of NM.
At any rate, all of the B-O-M-P mixed-guest clathrates gave the powder X-ray diffraction patterns of P-type. The assumption of the kinetic contribution is again applied: a P-type structure is formed at earlier stages of crystal growth. Since B is the highest and P is the second-highest in view of the molecular symmetry, it is reasonable that a P-type host structure likes the more symmetrical guest. In fact the priority of the pisomers has been pointed out in the eariest paper dealing with the inclusion selectivity of aromatic isomers by clathration into the bis(isothiocyanato)-tetrakis(4-methylpyridine)nickel(II) metal complex host.9 When B becomes the majority of the guests, the clathrate structure turns to B-type which lacks the tunnel-like cavity.
In this view-point, there remains a contradiction to the preference in selectivity for 0 over P from the 0-P feed mixtures in spite of the fact that most of the products have P-type structure.
Furthermore, two cavities different in nature, the cage-like and the tunnel-like, should be supposed to have different selectivity for the relevant aromatic molecules. The present data appear not to imply any stoichiometric relationship between the selectivity and the composition, but the dent in Fig. 2(c) suggests the formation of a mixed-guest clathrate in which one cavity is occupied by one guest species and the other cavity by another species. Syntheses of single crystals of the mixed-guest clathrates with the stoichiometric compositions, which should be necessary to solve the problem, are in progress. 
